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Conjugation of Paramecium  is normally induced 
by  interaction  between  cells  of  complementary 
mating types  (10).  When these  cells meet  under 
appropriate conditions, they  stick  together  in an 
agglutinate. This agglutinative adhesion is called 
the mating reaction (11)  and it is known that the 
union of the cells in this reaction occurs between 
the cilia of complementary mating types. When the 
cilia detached  from  mating-reactive cells of one 
mating type and the mating-reactive living cells of 
the opposite type are brought together, the former 
adhere to the latter (1,  8, 9).  Furthermore, Taka- 
hashi et al. (12) have recently shown the agglutina- 
tion of cilia detached from complementary mating 
types.  These  facts  strongly support  the  previous 
conclusion that  cilia are essential for the  mating 
reaction and suggest that the cilia of mating-reac- 
tive paramecia are likely to bind the mating type 
substances (or mating substances). 
This article deals with  isolation of small mem- 
brane vesicles  with mating reactivity from cilia of 
Paramecium.  Electron microscope observation of 
the  vesicles  and analysis of their components by 
polyacrylamide gel  electrophoresis  are  also  pre- 
sented. 
MATERIALS AND  METHODS 
The stocks used were Ksy 1 and KoK 1 of mating type V, 
and d-N 14a and d-12b of VI in syngen 3 of Paramecium 
caudatum.  The  culture  medium was  1.25% (wt/vol) 
lettuce  juice  medium (5)  inoculated  with Klebsiella 
aerogenes usually I day before use. Cilia were isolated by 
the MnCI, method (3) with slight modifications (50 mM 
MnC12 was used instead of 10 raM). 
Cilia obtained by the above method were treated with 
a solution containing 2 M urea, 0.1 mM Na,-EDTA, and 
5 mM Tris-HCl, pH 7.3, for 60 min at 4~  Concentra- 
tion of the total ciliary proteins in this suspension was 
about 0.25 mg/ml.  The cilia thus treated were precipi- 
tated  by centrifugation at 9,000 g  for  10 min and the 
supernate was percolated through 0.45 gm Membranfil- 
ter  (Sartorius  SM11306)  to  remove remaining  cilia 
fragments. Then the filtrate was dialysed against 3 liters 
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the same buffer. The dialysate was centrifuged at 105,000 
g  for 60 min and the pellet was called the urea-EDTA 
particles (Fig.  I). 
To determine mating  activity, a  geometric series of 
50% dilutions of the urea-EDTA particles was prepared. 
Two drops (about 30 pl) of samples from each dilution 
were dispensed with a  micropipet into 0.4 ml of a  sus- 
pension  of  mating-reactive cells of the  opposite  mat- 
ing  type  (tester)  (cell  density,  about  2,000  cells/ml). 
Observation was made 5--10 min after mixing. The unit 
of mating activity was indicated as the reciprocal of the 
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(Intact  cilia) 
lowest  concentration (milligrams/milliliter) of proteins 
that  can  induce  more  than  10  clumps  in  about  800 
mating-reactive tester cells suspended  in 0.4  ml  of the 
stationary phase culture medium. The amount  of pro- 
tein was determined by the method of Lowry et al. (6). 
Estimations of mating activities of the intact cilia and 
those treated with the urea-EDTA solution (the treated 
cilia) were also performed by the same method. 
For electron microscopy, a small drop of the suspen- 
sion  of  the  urea-EDTA  particles  was  placed  onto  a 
150-mesh  copper  grid  covered  with  a  carbon-coated 
collodion film, negatively stained with 2% uranyl acetate 
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FIGURE  1  Schematic presentation of the procedure of isolating the urea-EDTA particles of Paramecium 
caudatum.  For explanation, see text. 
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Distribution of Proteins after Extraction of Cilia of Paramecium caudatum by 2 M  Urea 
and 0.1 mM Na2EDTA 
Percent of proteins recovered* 
Mating  Number of  Treated  Urea-EDTA  Soluble 
Stock  type  experiments  cilia  particles  fraction 
d-Nl4a  VI  2  14.0 •  2.1  10.4 + 0.2  36.5 •  0.2 
Ksy I  V  5  16.9 •  2.5  4.5 +  1.1  25.2 -4- 5.7 
* Mean values of different experiments. 26.9 -4- 6.4 were absorbed  by the 0.45 #m Membranfilter. 
TABLE  I1 
Specific Activities of lntact  Cilia (IC), 
Urea-EDTA-Treated  Cilia (TC), and Urea-EDTA 
Particles (UP)* 
Stock  Concentration 
(mating type)  Fraction  in end poinU;  Unitsw 
#g/ml 
d-N 14a  IC  13  77 
(VI)  TC  75  13 
UP  12  83 
Ksy 1  IC  11  91 
(V)  TC  90  11 
UP  7  140 
Kok 1  IC  6.5  150 
(V)  TC  31  32 
UP  6.5  150 
* For experimental details,  see Fig.  1. 
~t Concentration in end point is the lowest concentration 
of proteins inducing cells of opposite mating type to form 
large clumps. 
w  Units of mating reactivity, see Materials and Methods. 
and  observed  under  the  electron  microscope (Hitachi 
HS9 75 kV). 
SDS  polyacrylamide  gel  electrophoresis  was  per- 
formed according to the method of Weber and Osborn 
(13)  with  some  modifications.  Gels  of 5%  acrylamide 
plus 0.134% N,N'-methylenebis-acrylamide were polym- 
erized with 0.75 mg/ml ammonium persulfate and 0.15% 
N,N,N',N'-tetramethyl  etbylenediamine  as  catalyst  in 
in 0.1  M  sodium phosphate  buffer,  pH  7.4,  containing 
0.1% SDS. Gels of 75 mm were prepared in glass tubes of 
80-mm length and 5 mm ID. The respective samples were 
solubilized  in  10 mM phosphate buffer,  pH 7.2, with  1% 
SDS, 1% 2-mercaptoethanol (2-ME), and 8 M urea for 3 
h  at  35~  Then denatured  and  reduced  samples  were 
dialysed  overnight against  10 mM phosphate containing 
0.1%  SDS, 0.05  M  iodoacetate, and  8 M urea at 25~ 
Electrophoresis was run at 6 mA per column for 230 min. 
After electrophoresis the gels were stained  with Coomas- 
sir brilliant blue according to the method of Fairbanks et 
al. (2). 
RESULTS 
10-20 mg (as protein) of mating-reactive cilia were 
prepared  from  a  16-liter culture  of paramecia  by 
the  modified  MnCI2  method.  The  urea-EDTA 
particles  were  obtained  from  the  cilia  by  the 
procedure  mentioned  above.  The  distribution  of 
ciliary proteins  after extraction of the cilia with 2 
M  urea  and  0.1  mM  EDTA is shown  in Table  I. 
Differences were recognized between the distribu- 
tion  patterns  of  stocks  Ksy  1  and  d-Nl4a.  The 
urea-EDTA  particles  obtained  were  4.5%  and 
10.4%  of total ciliary proteins,  respectively. Only 
50%  of  the  proteins  were  recovered  and  the 
remaining 50% were lost. Among this loss of 50%, 
about  27%  were  those  absorbed  by  the  0.45  #m 
Membranfilter. 
When the particles thus obtained were added to 
mating-reactive cells of the complementary mating 
type,  strong  agglutination  occurred.  The  ag- 
glutinated cells then underwent self pairing forma- 
tion,  and  more  than  90%  of  them  performed 
normal  conjugation  processes,  including  meiosis 
and  macronuclear  breakdown.  When the particles 
were  added  to  mating-reactive  cells  of the  same 
mating type, neither agglutination  of the cells nor 
induction  of conjugation  occurred. 
The  specific activities of the urea-EDTA parti- 
cles were compared with those of intact cilia and of 
treated cilia (Table I1).  In all stocks employed, the 
urea-EDTA  particles  showed  the  highest  activity 
to  induce  large clumps  in the cells of the comple- 
mentary mating type, and the treated cilia showed 
the lowest. The  number  of the tester cells used in 
this  assay  was  about  800  in  0.4  ml.  The  lowest 
protein  concentration  of  the  particles  to  induce 
mating reaction was about  10 #g/ml. 
When  the  particles  of stock  d-Nl4a  were  pre- 
served in  10 mM Tris-HCl, pH  7.3,  at 4~  their 
mating  reactivity  did  not  decrease  for  3  wk. 
Similarly,  the  particles  from  other  stocks  also 
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type but  also to induce self conjugation in them. 
The  particles can  be  prepared from  cells of both 
complementary mating types, V and VI in syngen 
3  of P.  caudatum.  Since  the  activity  to  induce 
neither mating agglutination nor conjugation was 
detected in the supernatant fluid from a  105,000 g 
centrifugation  of  the  urea-EDTA  extract,  the 
molecules involved in  the  mating  activity appear 
to be tightly bound to the urea-EDTA particles. 
Electron  microscope observation  revealed that 
the urea-EDTA particles are a  sort of membrane 
vesicle with a  diameter of 100-150 nm.  Recently, 
McLean et al. (7) revealed that the isoagglutinat- 
ing  substances  in  Chlamydomonas moewusii are 
really membrane  vesicles. Although the  particles 
from Paramecium  here obtained are similar mem- 
brane vesicles, they are not so easily released into 
FIGURE 2  Electron  micrograph  of negatively  stained 
preparation  of  the  urea-EDTA  particles  from  stock 
d-12b, mating type VI. Calibration bar is 0.5 ~am. 
retained  their  reactivity for  more  than  1  wk  at 
least. 
The  urea-EDTA  particles  were  negatively 
stained with uranyl acetate and observed under the 
electron  microscope.  The  electron  micrographs 
showed that the particles consist chiefly of vesicles 
with a diameter of about  100-150 nm (Fig. 2). 
Intact  cilia  and  the  urea-EDTA  particles  of 
stocks  KoK  1 (mating type V)  and  d-Nl4a (VI) 
were electrophoresed on polyacrylamide disc gels. 
About  30  bands,  including  three  predominant 
groups,  were  detected in  intact cilia preparations 
of both stocks (Fig. 3 A, B). On the other hand, the 
urea-EDTA  particles  from  both  complementary 
mating types showed as many as 20 bands (Fig. 3 
C,  D). Some of the latter bands were included in 
the pattern of intact cilia. The results show that the 
particles are  still very complex  in their composi- 
tion of proteins. No great difference in the patterns 
between different mating types was observed. 
DISCUSSION 
The  urea-EDTA  particles  here  reported  have  a 
strong  specific  activity  not  only  to  agglutinate 
FIGURE 3  Disc electrophoretic  patterns of intact cilia 
and  the  urea-EDTA particles.  A and  B, intact cilia of 
stocks Kok 1 (mating type V) and d-Nl4a (mating type 
VI),  respectively;  C  and  D,  urea-EDTA  particles of 
stocks Kok I and d-Nl4a, respectively. 
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over, particles could not be obtained in a mating- 
reactive form simply by sonication (two 5-A bursts 
for  10 s each). 
When the urea-EDTA particles were  subjected 
to  the same sonication scheme,  mating reactivity 
was  completely lost.  Electrophoretic  patterns of 
SDS  polyacrylamide gel  show  that  the  particles 
possess as many as 20 bands, indicating that the 
particles  are  chemically very  complex.  Unfortu- 
nately,  we  could  not  show  a  clear  mating type 
difference  between  polypeptide  patterns  of  the 
particles from complementary mating types.  Per- 
haps the amount of mating type substances may be 
under the limit to be detected by this method or the 
molecular weights "of the  two  mating substances 
may closely resemble each  other.  Otherwise, the 
mating type difference may be due to a difference 
of  specific  polysaccharides  attached  to  proteins. 
Preliminary experiments indicate that the particles 
contain at least four kinds of glycoproteins. 
Although  the  specific  activity  of  the  mating 
particles was as high  as that of intact cilia, it was 
not so high as we expected. The principal cause of 
this level of activity would be that the urea-EDTA 
particles which  are obtained from the cilia prepa- 
ration  contained some  nonmating-reactive parti- 
cles because the cilia on the dorsal surface of the 
cell are known to have no mating reactivity (4). 
The  mating  particles  obtained  by  the  urea- 
EDTA extraction are a complex, water-insoluble 
system. Nevertheless, they are the simplest system 
so far obtained which can induce the whole process 
of conjugation including the  initial mating reac- 
tion. 
SUMMARY 
Membrane vesicles  with  a  high mating reactivity 
were obtained from cilia of Paramecium caudatum 
by treatment with a solution containing 2 M  urea 
and 0.1 mM Na2-EDTA. All processes of conjuga- 
tion were  induced in cells  of the complementary 
mating type by approximately 10 t~g/ml proteins 
of the  vesicles.  Electron microscope observation 
showed that the membrane vesicles have a diame- 
ter  of  100-150  nm.  Eiectrophoretic  analysis on 
SDS  polyacrylamide gel  revealed  no  significant 
difference in polypeptide patterns of the particles 
from the two complementary mating types. 
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